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Middle East respiratory syndrome coronavirus (MERS-CoV) recently emerged as a severe worldwide public health concern. The 
virus is highly pathogenic, manifesting in infected patients with an approximately 50% fatality rate. It is known that the surface 
spike (S) proteins of coronaviruses mediate receptor recognition and membrane fusion, thereby playing an indispensable role in 
initiating infection. In this process, heptad repeats 1 and 2 (HR1 and HR2) of the S protein assemble into a complex called the 
fusion core, which represents a key membrane fusion architecture. To date, however, the MERS-CoV fusion core remains un- 
characterized. In this study, we performed a series of biochemical and biophysical analyses characterizing the HR1/HR2 com- 
plexes of this novel virus. The HR sequences were variably truncated and then connected with a flexible amino acid linker. In 
each case, the recombinant protein automatically assembled into a trimer in solution, displaying a typical a-helical structure. 
One of these trimers was successfully crystallized, and its structure was solved at a resolution of 1.9 A. A canonical 6-helix bun- 
dle, like those reported for other coronaviruses, was revealed, with three HR1 helices forming the central coiled-coil core and 
three HR2 chains surrounding the core in the HR1 side grooves. This demonstrates that MERS-CoV utilizes a mechanism similar 
to those of other class I enveloped viruses for membrane fusion. With this notion, we further identified an HR2-based peptide 
that could potently inhibit MERS-CoV fusion and entry by using a pseudotyped-virus system. These results lay the groundwork 


for future inhibitory peptidic drug design. 


he newly emergent Middle East respiratory syndrome corona- 

virus (MERS-CoV) poses a severe threat to public health 
worldwide. Clinically, the virus can cause a series of respiratory 
manifestations, including fever, cough, shortness of breath, and 
acute respiratory distress syndrome (ARDS) (1, 2). These clinical 
symptoms are accompanied by a high risk of renal failure, leading 
to a very high mortality rate. As of 29 July 2013, the World Health 
Organization (WHO) has reported 91 laboratory-confirmed in- 
fection cases by this novel coronavirus, of which 46 patients ulti- 
mately died despite intensive clinical treatments (3). This unusual 
pathogenicity distinguishes MERS-CoV from most other corona- 
viruses, which only cause mild illness in humans (4), and relates 
MERS-CoV to the severe acute respiratory syndrome (SARS) 
coronavirus (SARS-CoV). Thus, the potential for a future MERS- 
CoV pandemic is undeniable. 

To combat a virus, it is necessary to understand its infection 
process. MERS-CoV is an enveloped virus, meaning that the ini- 
tiation of infection requires fusion between the viral envelope and 
the cell membrane of the host (5, 6). This process, according to 
previous studies of other coronaviruses (7), is mediated by the 
viral surface spike (S) protein and should involve two separate but 
related events of virus-host interactions: receptor recognition and 
subsequent membrane fusion. In host cells, the S protein is nor- 
mally cleaved into $1 and $2 subunits, which are noncovalently 
linked and embedded in the viral surface envelope (7). The S1 
subunit engages the cellular receptors, mediating attachment of 
the virus to the cell surface, while the $2 subunit mediates mem- 
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brane fusion (7). Consistent with this notion, MERS-CoV S is 
indeed cleaved into $1 and S2 subunits (8). S1 recognizes human 
dipeptidyl peptidase 4 (DPP4/CD26) as a functional receptor (9). 
Further, the complex structure of the receptor binding domain in 
MERS-CoV S1 bound to CD26 has been successfully solved by our 
group (10), illustrating the molecular basis of receptor recogni- 
tion by this novel virus. Following receptor binding, fusion oc- 
curs, and this is expected to involve rearrangement of the charac- 
teristic elements called heptad repeats (HRs) in S2 to forma stable 
6-helix bundle fusion core (5). 

The HR motifs consist of a group of tandemly arranged seven- 
residue repeats, where the residue positions are indicated with the 
lowercase letters a, b, c, d, e, f, and g. In this motif, the amino acids 
in positions “a” and “d” are predominantly hydrophobic or have 
bulky side chains (11, 12). This sequence feature has the capacity 
to generate a hydrophobic interface along an a-helix, enabling the 
formation of a coiled-coil structural module when several HR- 
containing polypeptide chains are arranged together in parallel 
(11, 12). Many viruses utilize this specific HR feature for mem- 
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brane fusion. Indeed, the presence of HR regions in viral surface 
membrane fusion proteins is considered a characteristic of class I 
enveloped viruses (5, 6). In coronaviruses, the HR elements in the 
viral $2 subunit are further denoted HR1 and HR2, with the for- 
mer normally longer than the latter (13-15). Structurally, HR1 
and HR2 of coronaviruses form a fold described as a trimer of 
hairpins, in which three helical HR1 peptides assemble into a 
coiled-coil core and the helical HR2 peptides bind to the con- 
served hydrophobic grooves formed by HR1 (5, 6). This featured 
6-helix bundle structure, which is also called the virus fusion core, 
has been crystallographically described for both murine hepatitis 
virus (MHV) (15) and SARS-CoV (13). 

It is generally believed that a series of conformational changes 
occur in the coronavirus HR regions during the viral fusion pro- 
cess (16). Under the current paradigm, at least three conforma- 
tional states are proposed for all class I virus envelope proteins, 
including a prefusion native state, a prehairpin intermediate state, 
and a stable postfusion hairpin state (16). The formation of a 
6-helix bundle would bring the cellular and viral lipid bilayers into 
proximity, allowing membrane fusion (16). Therefore, the ob- 
served fusion core structure likely represents the postfusion state. 
Prior to bundle assembling, however, HR1 and HR2 should expe- 
rience a transient intermediate state in which both units are ex- 
posed and accessible. HR2 is hypothesized to be unstructured be- 
fore binding to HR1, which is believed to be a-helical. This notion 
is supported by the fact that introduced HR peptides compete with 
endogenous HR counterparts and thereby prevent virus infection 
(16). Based on this model, several potent inhibitory peptides have 
been successfully designed for inhibition of viral infections, such 
as with human immunodeficiency virus (HIV) (17, 18), Ebola 
virus (19), and SARS-CoV (14, 20). The same rule is expected to be 
applicable to MERS-CoV. However, structural and functional 
data on MERS-CoV HRI and HR2 are not available to corrobo- 
rate this. 

In this study, we characterized the binding of the two HR re- 
gions in MERS-CoV 82 via both biophysical and biochemical 
methods. The crystal structure of the fusion core was successfully 
solved, revealing a 6-helix fold similar to those reported for the 
MHV and SARS-CoV fusion cores. We also identified an HR2- 
based peptide that potently inhibited pseudotyped virus infection, 
demonstrating that a similar approach can be used to identify 
MERS-CoV inhibitors. In addition, the structure also provided 
important atomic details that will be valuable in structure-based 
drug design. 


MATERIALS AND METHODS 


Cell lines. 293T cells (for pseudotyped virus generation) and human hep- 
atoma cells (Huh7; for viral infection assay) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 
serum. All cell lines were maintained at 37°C in humidified air containing 
5% CO). 

Gene construction. Two constructs with variably truncated HR1 and 
HR2 sequences were made: one involves MERS-CoV spike (GenBank 
accession number JX869059) residues E992 to L1040 for HR1 and 11246 
to L1286 for HR2, and the other covers amino acids E992 to 11054 for HR1 
and L1252 to L1286 for HR2. The fusion core was then prepared as a single 
chain by linking the HR1 and HR2 domains via a 22-amino-acid linker 
(LVPRGSGGSGGSGGLEVLFQGP). This flexible linker has been shown 
to work successfully in the SARS-CoV fusion core (13). The coding frag- 
ments were synthesized by Generay Biotech Co., Ltd., and inserted into 
the Ndel and Xhol restriction sites of the pET-21a vector. The hexahisti- 
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dine tag coding sequence and the stop codon in the pET-21a vector were 
used for both constructs. 

The construct used for pseudovirus production was cloned by insert- 
ing the full-length coding sequence of MERS-CoV spike into the pCAGGS 
vector to yield a recombinant plasmid named pCAGGS-MERS-S. The 
construct was then verified by direct DNA sequencing. 

Protein expression and purification. For protein expression, expres- 
sion vectors were transformed into Escherichia coli strain BL21(DE3) 
competent cells. A single colony was inoculated into 50 ml of Luria-Ber- 
tani (LB) medium containing 100 g/ml of ampicillin and incubated 
overnight at 37°C. Then, the overnight culture was transferred to 2 liters of 
fresh LB medium for large-scale protein production by growing at 37°C. 
When the culture density (optical density at 600 nm [OD¢99]) reached 0.6, 
protein overexpression was induced with 0.2 mM isopropyl-B-p-thiogal- 
actoside (IPTG), and the cells were grown for an additional 10 h at 16°C 
before harvesting via centrifugation. 

The collected bacterial cell pellet was resuspended in phosphate-buff- 
ered saline (PBS) and homogenized by sonication. The suspension was 
then centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant was 
collected and then loaded onto a nickel-nitrilotriacetic acid (Ni-NTA) 
column (Qiagen). After removal of impurities by thorough washing using 
PBS, the target protein was eluted with a buffer of 300 mM imidazole in 
PBS and then purified by gel filtration using a Superdex 200 10/300 GL 
column (GE) running on an Akta Explorer fast-performance liquid chro- 
matography (FPLC) system in a buffer composed of 20 mM Tris-HCl, pH 
8.0, and 100 mM NaCl. The protein fractions were collected and analyzed 
on a 15% tricine SDS-PAGE gel. The molecular weights of the peak frac- 
tions were estimated by comparison with protein standards run on the 
same column. 

Crystallization, data collection, and structure determination. The 
purified protein was concentrated to 5 mg/ml. Crystals of good diffracting 
quality were obtained after 14 days using the sitting drop vapor diffusion 
method by equilibrating a 2-wl drop (protein solution mixed 1:1 with 
reservoir solution) against a 100-wl reservoir containing 0.1 M bis-tris, 
pH 6.5, and 25% (wt/vol) polyethylene glycol 3350. For data collection, a 
single crystal was picked up using a nylon loop and immersed in a cryo- 
protectant solution containing 67% reservoir solution and 16% glycerol 
for ~30 s. The crystal was then remounted and flash-cooled in liquid 
nitrogen. The diffraction data were collected at 100 K at beamline BL17U 
of the Shanghai Synchrotron Radiation Facility (SSRF). Raw data were 
processed using HKL2000 (21). 

The structure of the MERS-CoV HR1/HR2 complex was deter- 
mined by molecular replacement with Phaser (22) using the structure 
of the SARS-CoV fusion core (Protein Data Bank [PDB] code, 1WNC) 
as the search model. The initial model was first refined with Refmac5 in 
the CCP4 suite (23) using rigid-body refinement and maximum likeli- 
hood procedures. The model was then completed by iterative cycles of 
manual rebuilding in coot (24) and refinement with Phenix.refine (25). 
During the course of model building and refinement, PROCHECK (26) 
was used to monitor the stereochemistry of the structure. The detailed 
statistics are summarized in Table 1. All of the structural figures were 
generated using PyYMOL (http://www.pymol.org/). 

CD spectroscopy. Circular dichroism (CD) spectra were measured on 
a ChiraScan CD spectrometer (AppliedPhotophysics). Freshly prepared 
MERS-CoV HR1/HR2 complex proteins were adjusted to 0.2 mg/ml in 
PBS before data collection. Wavelength spectra were recorded at 20°C 
using a 0.1-cm-path-length cuvette. Each scan, in the range of 195 to 260 
nm, was obtained by taking data points every 0.5 nm with a bandwidth of 
2nm. 

Pseudovirus preparation and titration. The MERS pseudovirus was 
prepared by cotransfecting 293T cells with a plasmid encoding an Env- 
defective, luciferase-expressing HIV-1 genome (pNL4-3.luc.RE) (27) and 
the pCAGGS-MERS-S expression plasmid using Lipofectamine 2000 (In- 
vitrogen). The pseudovirus-containing supernatant was harvested 48 h 
following transfection, clarified by centrifugation, and then filtered 
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TABLE 1 Crystallographic data collection and refinement statistics for 
MERS-CoV fusion core 


Parameter Value* 
Data collection statistics 
Space group P3 
Cell dimensions 
a, b,c (A) 42.82, 42.82, 75.57 
a, By (°) 90, 90, 120 
Resolution (A) 50-1.90 (1.97-1.90) 
Ressias 0.074 (0.156) 
Tol 18.4 (11.7) 
Completeness (%) 99.3 (100.0) 
Redundancy 4.5 (4.9) 
Refinement statistics 
Resolution (A) 37.78-1.90 
No. of reflections 12,169 


Ryort! free 0.1847/0.2135 
No. of atoms 

Protein 1,200 

Ligand/ion 0 

Water 130 
B-factors 

Protein 20.4 

Ligand/ion 

Water a1 ,d 
RMSD 

Bond lengths (A) 0.009 

Bond angles (°) 1.033 
Ramachandran analysis 

Most favored (%) 95.7 

Additional allowed (%) 3.6 
Generally allowed (%) 0.7 
Disallowed (%) 0 


* Values in parentheses are for the highest-resolution shell. 


through a 0.45-y.m sterilized membrane. Single-use aliquots (1.0 ml) 
were stored at —80°C. The 50% tissue culture infectious dose (TCID5,) 
for each pseudovirus preparation was determined by infection of Huh7 
cells as previously described (28). 

Peptide synthesis. The peptides used in this study were synthesized by 
ChinaPeptides Co., Ltd., with a purity of >95%. Each peptide was dis- 
solved in 100% dimethyl sulfoxide (DMSO) at 100 mM and stored at 
—80°C before use. One peptide (denoted P1; LTQINTTLLDLTYEMLSL 
QQVVKALNESYIDLKEL) covers the full length of the HR2 sequence, 
while the other one (denoted P2; LTYEMLSLQQVVKALNESYIDLKE 
LGN) removes those residues in HR2 adopting extended conformations 
and includes two extra amino acids at the C terminus because the equiv- 
alent peptide in SARS-CoV exhibits a much higher inhibitory efficacy 
than the HR2 peptides of longer length (29). We also included the SARS- 
peptide (29) (denoted SARS-pep; IQKEIDRLNEVAKNLNESLIDLQE 
LGK) in the pseudovirus entry inhibition assay as a specificity control. 

Pseudovirus entry inhibition assay. For the inhibition assay, 100 
TCIDs9s of each pseudovirus was incubated with 10-fold serially diluted 
peptides from 0.01 nM to 100 2M at 37°C for 30 min. The virus-peptide 
mixture was then transferred to 96-well plates seeded with Huh7 cells. 
Each concentration was tested in octuplicate. After a 5-h incubation, the 
medium was replaced, and the sample was incubated for an additional 48 
hat 37°C. The cells were then collected, lysed, and measured for luciferase 
activity using a GloMax 96 Microplate luminometer (Promega). The 50% 
effective concentration (EC; ) and 95% confidence interval values were 
calculated using Prism. 
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Protein structure accession number. The atomic coordinates and the 
related structure factors have been deposited in the Protein Data Bank 
with the accession code of 4MOD. 


RESULTS 


Characterization of the binding between MERS-CoV HR1 and 
HR2. The HR regions exhibit characteristic sequence features with 
normally hydrophobic residues at the “a” and “d” positions. With 
this criterion, we first positioned the HR sequences of MERS-CoV 
to amino acids Y978 to E1062 for the HR1 region and amino acids 
E1234 to Y1298 for the HR2 region, using the successful SARS- 
CoV sequence as a reference (13, 20). Both regions are located 
downstream of a predicted S1/S2 cleavage site between R751 and 
$752, which can potentially be recognized by the host furin pro- 
tease (Fig. 1A). We then refined the boundaries of each HR unit by 
either sequence homology comparison with SARS-CoV HRs or 
bioinformatics analysis using the LearnCoil-VMF program (30). 
Despite the overall sequence identity between the MERS-CoV and 
SARS-CoV S proteins being <28%, we noted that the two proteins 
exhibit >50% identities for the above-defined HR regions (Fig. 
1B). It therefore seemed feasible to use the construction strategies 
for SARS-CoV HRs as a reference to characterize the MERS-CoV 
fusion core. Multiple studies have been performed to characterize 
the fusion core structure of SARS-CoV (13, 20, 31), and one of 
these with truncations from E900 to L948 for HR1 and 11145 to 
L1185 for HR2 was successful (13). The corresponding HR re- 
gions in MERS-CoV S82 are E992 to L1040 and 11246 to L1286, 
respectively. Alternatively, we also made truncations based on a 
LearnCoil-VMF prediction result, selecting E992 to 11054 for HR1 
and L1252 to L1286 for HR2 (Fig. 1B). In each case, HR1 and HR2 
were connected via a 22-residue linker (sequence, LVPRGSGGSG 
GSGGLEVLFQGP), which has been shown to work successfully 
with the HR domains of SARS-CoV (13). 

The recombinant proteins, designated HR complex 1 (based 
on the sequence alignment results) and HR complex 2 (based on 
the LearnCoil prediction results), were then expressed in E. coli 
cells, purified, and analyzed by an analytical gel filtration assay. 
Both proteins were eluted at approximately 15.5 ml ona calibrated 
Superdex 200 10/300 column, corresponding to a molecular mass 
of ~36 kDa. As the single HR1-linker-HR2 chain is only ~12 kDa, 
both HR complex 1 and HR complex 2 therefore assembled into a 
trimer in solution, as expected (Fig. 2A and C). We further tested 
the proteins by CD spectroscopy. Double minima at 208 and 222 
nm were observed for both HR complexes 1 and 2 (Fig. 2B and D), 
demonstrating that the two proteins folded into typical a-helical 
structures. 

Structure of the MERS-CoV fusion core. As both HR com- 
plexes 1 and 2 appeared to be correctly folded, both proteins were 
subjected to intensified crystal screening trials, resulting in X-ray- 
diffractable crystals for HR complex 2. Its structure was deter- 
mined by molecular replacement using the SARS-CoV fusion core 
structure (PDB code, 1WNC) as the search model and was refined 
to an Ryork Of 0.1847 and an Rgee of 0.2135 (Table 1). Within the 
asymmetric unit, two HR1-linker-HR2 chains, related by a 2-fold 
axis, are present. The two chains are essentially the same structure, 
superimposition of which yielded a root mean square deviation 
(RMSD) of only 0.048 A for all Ca pairs. Clear electron densities 
could be traced for residues N993 to E1039 in HR1 and Q1254 to 
D1282 in HR2. HRI folds into a 12-turn a-helix, whereas HR2 
adopts a much more extended conformation for the first half and 
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FIG 1 Construction strategies for MERS-CoV fusion core. (A) Schematic representation of the MERS-CoV S protein highlighting the functional elements and 
domains of potential importance. The vertical arrow indicates a potential cleavage site between S1 and S2 based on a ProP-1.0 prediction result. The N-terminal 
domain (NTD) and receptor binding domain (RBD) in S1, as well as the HR1 and HR2 regions in S2, are indicated with boxes and labeled. SP and TM, signal 
peptide sequence and transmembrane domain, respectively. (B) Sequence alignment between MERS-CoV and SARS-CoV S proteins for the HR1 and HR2 
regions. Two truncation strategies were adopted for the HR domains, which are indicated with boxes of solid and dashed lines, respectively. One utilizes a 
previous study on the SARS-CoV fusion core as a reference (31), while the other is based on a LearnCoil-VMF prediction result. The fusion core, as indicated, was 
then prepared as a single chain by linking HR1 and HR2 with a 22-residue linker. The resultant HR1/HR2 complexes are denoted HR complex 1 (based on the 
sequence alignment results with SARS-CoV HRs) and HR complex 2 (based on the LearnCoil prediction results), respectively. The starting and ending residue 
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numbers are in parentheses. 


a canonical a-helical structure for the second half. Overall, HR2 
folds back and aligns with HR1 in an antiparallel manner, forming 
a helical hairpin and causing the chain N and C termini to end at 
the same side (Fig. 3A). 

By simple symmetry operations, each chain in the crystallo- 
graphic asymmetric unit could yield a trimeric structure of a typ- 
ical coiled-coil fold. In this trimer of hairpins, three HR1 helices 
aligned in parallel with each other to form the central coiled-coil 
core, whereas three HR2 polypeptides bind to the side grooves of 
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FIG 2 Characterization of the MERS-CoV HR1/HR2 complexes. The recom- 
binant proteins, HR complexes 1 and 2, were expressed in E. coli cells and 
analyzed by analytical gel filtration and CD. The chromatographs are shown. 
The pooled proteins after gel filtration were further analyzed by SDS-PAGE, 
and the migration profiles are indicated. The 14.4-kDa standard protein 
marker is labeled. (A) Gel filtration chromatograph of HR complex 1. (B) CD 
spectrum of HR complex 1. (C) Gel filtration chromatograph of HR complex 
2. (D) CD spectrum of HR complex 2. 
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the HRI core. This leads to a 6-helix bundle of approximately 13 A 

in semidiameter and approximately 68 A in height (Fig. 3B). 
Overall, the fusion core structure of MERS-CoV is very similar 

to those reported for other coronaviruses, such as SARS-CoV (13) 


(N993) 


MERS vs SARS MERS vs MHV 


FIG 3 Structure of MERS-CoV fusion core. (A) Overall structure of the HR1/ 
HR2 complex. The two molecules present in the asymmetric unit are shown. 
The HR1 and HR2 domains are indicated. Clear electron densities were ob- 
served for residues N993 to E1039 and Q1254 to D1282. These terminal resi- 
dues are labeled, with the dashed line indicating the flexible linker connecting 
HR1 and HR2. (B) Six-helix bundle fusion core structure yielded by symmetry 
operations. The three HR1/HR2 chains are colored green, cyan, and magenta, 
respectively. The rough size of the bundle is indicated. The left side shows the 
top view; the right side shows the side view. (C) Structural comparison be- 
tween MERS-CoV (green) and SARS-CoV (cyan) fusion cores. (D) Structural 
comparison between MERS-CoV (green) and MHV (magenta) fusion cores. 
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FIG 4 Detailed amino acid interactions mediating MERS-CoV fusion core formation. (A) Formation of the central coiled-coil. The three HR1 helices, labeled 


«> 


1 to 3, are depicted on the left side. The residues contributing to the coiled-coil formation are shown as sticks and labeled with lowercase “a” and “d” to indicate 
their positions in the HR. One of the HR1 helices is further presented, on the right side, for its electrostatic surface to highlight the hydrophobic interface formed 
by the identified residues, which are individually mapped onto the surface and marked with blue circles. Residue M1008 exhibits two conformations; their 
electron densities are contoured at 1.0 o and shown in the bottom right position. (B) Binding of HR2 to the HR1 side groove. The groove-forming HR1 helices 
(green) and the groove-binding HR2 unit (magenta) are shown in the middle. The major HR2 residues engaging HR1 are presented as sticks and labeled on the 
right side. The lowercase letters in parentheses indicate the residue positions in HR, and the amino acid that was found to H-bond with HR1 is marked with an 
encircled “H.” An electrostatic surface of the HR1 groove is shown on the left side, with the arrows highlighting the pockets occupied by three “d” residues in the 


HR2 helix. The deep and shallow parts of the groove are indicated. 


and MHV (15). Superimposition of these three structures revealed 
an RMSD of ~0.905 A for 204 Ca atoms between MERS-CoV and 
SARS-CoV (Fig. 3C) and an RMSD of ~0.575 A for 204 Ca atoms 
between MERS-CoV and MHV (Fig. 3D). All of the helical ele- 
ments and a majority of the extended HR2 loops could be well 
aligned. Only some terminal residues exhibit conformational vari- 
ance. In addition, the MHV fusion core is longer than that of 
MERS-CoV by about two helix turns (Fig. 3D). 

Atomic details of the fusion core formation. We further char- 
acterized the atomic details mediating the formation of the hair- 
pin trimer. Consistent with the HR features, the hydrophobic res- 
idues at positions “a” and “d” in HR1 are aligned on one side of the 
helix, forming an interface of strong hydrophobicity. Three HR1 
helices thereby pack against each other and stack the hydrophobic 
helical laterals in the center of the coiled-coil core. The major 
stacking forces are contributed by the side chains of residues 
F1012, F1019, V1026, and L1033 at position “a” and residues 
F1001, M1008, T1015, V1022, and L1036 at position “d.” They are 
not evenly allocated along the helix (Fig. 4A). A majority of these 
contacting amino acids are in the middle portion of the helical 
structure, while the remaining residues clinch the coil at both 
ends. We also observed clear alternative conformations for resi- 
due M1008, which we believe could increase the buried surface 
area among HRI chains. It is also noteworthy that no polar con- 
tacts, such as H bonds or salt bridges, are observed in this coiled- 
coil formation. 

HR2 binds to the side grooves of the center core and simulta- 
neously contacts two HRI chains. Along the groove, HR2 first 
folds into an extended loop and then proceeds to form an a-helix 
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of about five turns. Much more extensive interactions than those 
for HR1 assembly are observed, involving not only the “a” and “d” 
amino acids but also residues at other positions. In total, 17 amino 
acids, as listed in Fig. 4B, were identified to be important for the 
HR1/HR2 interaction. In addition to hydrophobic contacts con- 
tributed by the apolar and bulky side chains, about two-thirds (11 
out 17) of the interface residues also H-bond with HRI via their 
main-chain/side chain amino or oxygen groups (Fig. 4B). This 
results in a strong engagement network, tightly tying HR2 to HR1. 

Concerning the hydrophobic groove formed by HRI helices, 
the N-terminal half is relatively deep, accommodating the C-ter- 
minal helix of HR2. Three pockets were identified in this deep 
groove, which are occupied by three “d” residues (L1262, L1269, 
and L1276) after HR2 engagement. In contrast, the C-terminal 
half of the groove is shallow and accommodates the HR2 extended 
N-terminal loop (Fig. 4B). Therefore, in this fusion core structure, 
the HR1 and HR2 polypeptides are highly complementary in both 
shape and chemical properties. 

In vitro inhibition of MERS-CoV infection by an HR2-based 
peptide. According to previous studies, HR2-based peptides nor- 
mally display a higher inhibitory efficacy than those derived from 
HRI (14, 16). Therefore, we synthesized two peptides based on the 
HR2 sequence and tested their inhibitory effects in the pseu- 
dotyped virus system. Gradient concentrations of each peptide 
were incubated with the pseudotyped viruses, and the percentage 
of virus entry inhibition in cultured Huh7 cells was determined. 
As shown in Fig. 5, an obvious inhibitory effect was observed for 
peptide P1 but not for peptide P2 or the SARS peptide, even at the 
highest concentration (100 4M), indicating the inhibitory speci- 
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FIG5 Peptide fusion inhibition curves. Synthetic peptides (sequences listed at 
the top) were tested for inhibition of MERS infection with pseudotyped vi- 
ruses. The percent inhibition (y axis) was plotted against the log value of 
peptide concentration (x axis), and the fusion inhibition curves are shown. 
Each point represents the mean + SD from triplicate experiments. The ECs, 
and 95% confidence interval values are listed. 


ficity of P1. The 50% effective dose (EC; 9) for inhibition of MERS- 
CoV infection by P1 was calculated to be ~3.013 uM (95% con- 
fidence interval, 1.815 to 5.001 .M). 


DISCUSSION 


Receptor recognition and membrane fusion are two important 
aspects initiating infections by enveloped viruses. The molecular 
basis of receptor binding by MERS-CoV has recently been illus- 
trated (10). Following this work, we considered it to be of great 
interest to explore the fusion mechanism of this novel coronavi- 
rus. In this study, we systematically characterized the MERS-CoV 
HR1/HR2 complexes and presented a 1.9-A crystal structure of 
the viral fusion core. We found that the HR1/HR2 proteins auto- 
matically assemble into a-helical trimers in solution, as observed 
for other class I enveloped viruses, including coronaviruses (5). 
The solved structure shows a typical 6-helix bundle fold, as ex- 
pected. Therefore, our work provides solid evidence that MERS- 
CoV uses a mechanism similar to that of class I fusion proteins for 
membrane fusion. 

There are three main genera (alpha, beta, and gamma) in the 
Coronaviridae family (7). MERS-CoV belongs to the Betacorona- 
virus genus, as do MHV and SARS-CoV. Nevertheless, MERS- 
CoV is categorized into a phylogenetically independent subgroup 
lineage 2c, in contrast with MHV and SARS-CoV, which are clas- 
sified into subgroups 2a and 2b, respectively (32, 33). Therefore, 
this study also provided the first glimpse of the fusion core struc- 
tures of subgroup 2c coronaviruses. 

The formation of 6-helix bundles by MERS-CoV HRI and 
HR2 seems to follow the rule for other class I fusion proteins. 
Three HRI helices form the central coiled-coil by hydrophobic 
interactions among “a” and “d” residues of the HR repeats. HR2, 
thereafter, binds to the side groove formed by HRI chains. We 
noted an extensive contact network between HR1 and HR2, in- 
volving both hydrophobic and H bond interactions. In addition, 
the side groove of the HR1 coiled-coil is deep for its N-terminal 
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part and relatively shallow for the C-terminal part, complementa- 
rily accommodating the helical and extended-loop halves of HR2, 
respectively. Similar characteristics have also been observed in the 
HRI side grooves of SARS-CoV (13). We believe that this strong 
binding force and the extremely complementary shapes of HR1 
and HR2 would easily drive the latter to localize in the HR1 
grooves once the central coiled-coil is assembled and accessible. 
This specific binding mode may also direct us for future screenings of 
effective inhibitory peptides or analogues. The HR2 sequence should 
represent a better candidate than that of HR1. Consistently, studies 
with other class I enveloped viruses indeed show better inhibition of 
viral infection by HR2-based peptides (or C peptides) than those 
derived from HR1 (or N peptides) (14, 16). 

The emergence of MERS-CoV infection requires urgent stud- 
ies for effective antiviral strategies. Inhibitory peptides targeting 
the membrane fusion architecture represent a very promising cat- 
egory, which has proven effective for many viruses, such as HIV 
and SARS-CoV. For instance, an HR-based peptide-inhibitor T20 
(enfuvirtide) (34, 35) is used for the clinical treatment of HIV 
patients (36). In our inhibition assay using pseudotyped MERS- 
CoV, we demonstrated that a peptide corresponding to the full- 
length HR2 sequence is potently inhibitory against viral infection. 
However, a similar peptide (P2) does not display any inhibition. 
Similar variance with different peptides for inhibition has been 
observed in other HR2 peptides of class I enveloped viruses, and a 
detailed mechanism explaining these differences should be inves- 
tigated in the near future. As the EC., is in the micromolar range, 
for any ideal peptide inhibitors, a thorough screening for peptides 
of better efficacy should be pursued in the future. It should be 
noted that as a potent binding was observed between HR1 and 
HR2, a proteinaceous 5-helix product may likely also work with 
MERS-CoV, as has been shown with other class I enveloped vi- 
ruses (37). These are interesting issues that are worth addressing in 
the future. Small molecules to block 6-helix bundle formation 
should also be pursued in the future based on the current fusion 
core structure. 
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